Lidar (light detection and ranging) is a method of surveying based on pulsed laser light that is becoming very common. It is used by the military and by many commercial applications, such as 3D mapping and navigation in autonomous cars and unmanned air vehicles. For these applications, sensitive lidar detectors are essential. But there are different types of lidar detection schemes, with corresponding strengths and weaknesses. Here, we compare three lidar receiver technologies using the total laser energy required to perform a set of imaging tasks (a more detailed description is available elsewhere 1 ). The tasks are combinations of two collection types (3D mapping from near and far), two scene types (foliated and unobscured), and three types of data products (geometry only, geometry plus 3-bit intensity, and geometry plus 6-bit intensity). The receiver technologies are based on indium gallium arsenide (InGaAs) Geiger mode avalanche photodiodes (GMAPDs) (see Figure 1) , both InGaAs and mercury cadmium telluride (HgCdTe) linear mode avalanche photodiodes (LMAPDs), and optical time-of-flight (OTOF) lidar using commercial 2D cameras. This last method combines rapid polarization rotation of the image and dual lowbandwidth cameras to generate a 3D image. We chose scenarios to highlight the strengths and weaknesses of the various lidars. Table 1 summarizes the energy required for various imaging modalities. For the case of the InGaAs LMAPDs, we actually carried two bandwidth settings, but in the table we list only the bandwidth setting that required lower energy. GMAPD cameras operate with a low probability of return (i.e., reflection) on a single pulse, but require multiple coincident returns from the same range. The GMAPD cameras do well with bare-earth 3D mapping and 3D imaging through trees. In grayscale situations, the GMAPD cameras use somewhat more energy. The advantages of the GMAPDs are the following: they are thermoelectrically (TE) cooled; they are low energy per pulse, high-rep-rate lasers, 
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HgCdTe LMAPDs have kD0, meaning that all the carriers generated during an avalanche are electrons. This allows very high gains to be achieved. These cameras are therefore very sensitive and retain linear gain. Furthermore, they require very low energy for mapping in many scenarios. They have the additional advantage that 3D images can be formed on a single pulse, quickly, and with simple processing. They can image passively and actively from visible through to the mid-IR, and a day/night passive imager can be inherently co-boresighted (i.e., aligned) with an active imager. However, these cameras are not commercially available, and currently are more expensive than GMAPDs and InGaAs LMAPDs. HgCdTe cameras also need to be cooled to near 100K, so they require a cigarette-pack-size cooler. Finally, they require a complex ROIC and high energy per pulse lasers.
Optical time-of-flight (OTOF) lidars using low-bandwidth cameras with a Pockels cell have the advantage of using commercially available 2D cameras for flash 3D imagery. In the visible or NIR, it is possible to obtain huge-format cameras with tens of megapixels for hundreds of dollars, promising high performance at low cost. Even in the shortwave IR (SWIR) regime, a 1920 1080 pixel custom camera as well as smaller cameras can be had for as low as $25,000 from multiple vendors. These cameras are mature and offer low-noise, uncooled operation. This means that even though they have no gain, they can be relatively sensitive while providing high dynamic range. Their main disadvantage is that they require a Pockels cell, which costs. A secondary disadvantage is that using two cameras means having to align them carefully. OTOF cameras feature low-energy use for 3D mapping with grayscale. That said, it is likely that another of the sensing modalities will be able to adopt some of the noise-reduction techniques used in conjunction with grayscale imaging for the OTOF cameras.
In summary, for high-range resolution, the current choice of lidar receiver technology is either a GMAPD array or possibly an OTOF imager. GMAPDs typically have an advantage over LMAPDs in terms of inherent timing precision when detecting isolated optical pulses. This is because the current pulses generated by breakdown of a GMAPD pixel are stronger than the current pulses emitted by an LMAPD pixel in response to weak signals. When using LMAPD pixels, timing jitter is significant if the APD's response barely exceeds the detection threshold. Range precision improves for stronger signal returns. Consequently, scenarios that prioritize the best range precision with the least transmitted energy tend to favor GMAPD detectors, whereas scenarios that require penetrating obscurants or collect-
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ing reflectance information in a single observation (for instance to 'freeze' a dynamic scene) tend to favor LMAPDs. In this article we have attempted to select scenarios that straddle these respective areas of strength and weakness, but these general characteristics should be borne in mind when considering specific applications. Paul Banks is the founder and CEO of TetraVue, working to commercialize high-resolution 3D imaging for smart robotic vision. He received his PhD in applied physics from the University of California, Davis. His career includes work at Lawrence Livermore National Laboratory, and he was cofounder of a new Photonics Division at General Atomics. He has contributed in many areas of laser technology and applications, from ultrafast to directed energy. 
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